Abstract-In this paper, we investigate multilayer tubular conductor for multi-MHz Wireless Power Transfer systems high-Q (quality factor) resonators. The conductor layers' thicknesses and current sharing between them are optimized at 13.56 MHz, showing significant reduction in conductor ac resistance R A C . Capacitive ballast is used as a practical method for current sharing between layers and operation of coil near resonance. A two-layer conductor is designed, fabricated, and characterized at 27.93 MHz, showing 18.1% and 12.8% reduction in R A C , compared with an identical conductor without capacitive ballast and a same size solid conductor, respectively. Index Terms-Capacitive ballast, multilayer tubular, quality factor, wireless power.
I. INTRODUCTION

W
IRELESS Power Transfer (WPT) systems have shown a great potential in a variety of applications; from tens of kHz frequency systems in Electric Vehicles (EVs) [1] - [3] , to multi-MHz applications in consumer electronics and biomedical devices [4] - [7] . Similar to typical inductive applications, induced eddy current losses contribute to a major portion of losses in WPT magnetic link resonators.
At low frequencies, the losses can be mitigated by using litz wire [8] , [9] . However, at multi-MHz frequencies, litz wire shows drawbacks due to the need for very small strands, high internal proximity due to uniform current distribution across the bundle, and poor thermal behavior [10] . These problems can be solved using foil conductors [11] . Electro-deposited copper foils with thicknesses as thin as several microns (Cu skin depth is 17.65 μm at 13.56 MHz) are already commercially available. In addition, the extended conducting surface area of the foil helps with heat dissipation. However, unless the field is parallel to the foil, the current will flow mostly in the foil edges [12] . This is typically the case in WPT systems with field contours not parallel to the foil surface. Following the method presented in [12] , it can be shown that the optimum layout for foil conductor (with thickness about skin depth and far from the return conductor) is a tubular design. In this paper, tubular conduc- tor resistance is further reduced by adding several concentric insulated layers inside it to form the multilayer tubular (MLT) conductor [4] , [13] , see Fig. 1 (a). As the layers are connected in parallel at the coil terminals, each tube thickness and the current flowing through it need to be optimized for the MLT conductor to outperform the conductors mentioned earlier [13] . A rule of thumb in diminishing the induced eddy current losses is to have the current distribution uniform across the conductor. For conductors with parallel connected insulated filaments, this can be done by having each filament see the same net amount of flux throughout the winding. Reference [10] covers the techniques for equal current (flux) sharing by interchanging foil conductors using notches in barrel-foil [14] or using vias in planar winding [15] , rotating (twisting) the conductors in (rectangular) litz wire [16] , and using passive elements such as balancing transformer or ballasting impedance.
In this paper, we use the capacitive ballast in series with each layer to implement current sharing among the tubular layers. Capacitive ballast is better suited for WPT applications as the ballasting capacitors can be used to bring the coil to resonance at the operating frequency. This feature is beneficial in multi-MHz WPT high-Q resonators as it can eliminate the drawbacks associated with the external connection of a compensation capacitance. In this paper, we also show that equal current sharing is not the optimal in the MLT conductor due the conductor structure.
The MLT conductor concept has been proposed in the past by Pollock et al. [14] . However, the design is limited to theoretical results and does not show how the current sharing can be implemented. The capacitive ballast current sharing method has been proposed in [12] for multilayers of flat foil parallel to magnetic field. However, the approach is bound to theoretical framework; also, it cannot be applied to WPT systems with field contours not parallel to the conductor. In this paper, we design, optimize and fabricate the MLT conductor by implementing capacitive ballast as a means of current sharing and bringing the coil to resonance.
We continue the paper by modeling the MLT conductor and determining its equivalent circuit in Section II. In Section III, the conductor ac resistance R AC is minimized and the tube thickness and the optimal current flow in each layer are determined. In Section IV, we use the capacitive ballast to force the desired current in each layer when the layers are connected in parallel. Section V covers an example with design, fabrication and characterization of a two-layer tubular conductor.
II. MODELING OF MLT CONDUCTOR
The Magneto-Quasi-Static (MQS) type of Maxwell equations [17] for linear, isotropic, homogeneous, and nondispersive material are used to model the MLT conductor using Finite Element (FE) COMSOL V.4.3 tool. The method proposed in [18] is used to assure the convergence stability of the FE simulation results. The MLT conductor is modeled with an equivalent circuit shown in Fig. 1(b) . This circuit corresponds to an impedance matrix defined by V = ZI; we go through step-by-step determination of its components.
Assume that there is current only in layer k, I k , and all other layers are open. The diagonal component of the symmetric Z matrix for layer k is Z k = R k + iωL k . The layer self-resistance R k is determined by finding the total eddy current loss in that layer and all layers surrounding it
And, the average electric field strength E k across layer k is used to determine its self-inductance L k = E k /(ωI k ). Now, consider the off-diagonal component of the Z matrix between layers j and k as z j k = R j k + iωM j k . Its components are determined by finding the average E j in layer j due to current in layer k, according to
The real component of the mutual impedance z jk between layers j and k is the so-called mutual resistance R jk [19] . Noticeably, it depends on frequency (zero at dc) and the mutual inductance M jk .
Having the components of the impedance matrix, different configurations can be analyzed such as various coil terminal connections, as we well as the currents flowing in each layer. In this paper, we assume a single coil by connecting the layers' terminals in parallel and study the effect of currents flowing in the layers as the parameter of interest to change the MLT loss (resistance). There are capacitances between layers of the MLT conductor. They can be analyzed using lumped MQS Pi or T model for the equivalent circuit of Fig. 1(b) . Since the layers are connected in parallel, the layer-layer capacitances are shorted out in the Pi model, and have negligible effect in the T model.
III. OPTIMIZATION OF MLT CONDUCTOR
In this section, we optimize the MLT conductor assuming the conductor is straight, neglecting curvature effect, and the currents flowing in parallel connected layers can be controlled (the control method is discussed in Section III).
The optimization is to minimize the MLT conductor resistance R tubular compared to that of a same-size solid conductor R solid . For this objective function, we initially determine the optimum tube thickness assuming all the layers have the same thickness and current. Then, we determine the optimum current that needs to be distributed in each layer for the optimum layer thickness derived. The insulation thickness t ins is neglected in this section, but will be included later in this paper. Fig. 2 shows an example of the ac resistance ratio for the MLT and solid conductors (R tubular /R solid ), versus the tube thickness t c , and the number of layers N. The analysis is at 13.56 MHz and conductor radius is r w = 0.5 mm. It is observed in Fig. 2 that there is an optimum tube thickness which depends on the number of layers. The larger the N, the thinner the optimum tube thickness, the smaller the optimum R AC ratio, and the more sensitive the R AC ratio would be to a change in t c .
A. Optimum Tube Thickness
In a more comprehensive analysis, we optimized the MLT conductor for a range of parameters. Conductors with overall radius r w in the range of 0.5-5.0 mm, and tube thicknesses in the range of 5 − 50 μm were simulated in the frequency range of 
1-20
MHz to determine the optimum tube thickness over skindepth ratio t c /δ as an independent parameter. About 2000 finite element method (FEM) simulations were performed to find the optimum t c /δ. A noticeable trend, in the search space, was that the optimum t c /δ moves hundreds of times faster with respect to N, as compared to f, t c , and r w ; therefore, it is assumed to be dependent on N, only, see Fig. 3 . A closed-form formula for this optimum t c /δ has been derived as
which is based on curve fitting (with 99% R-square) of all the FEM simulations in the search space. Considering Fig. 3 , the optimum t c /δ for a single tubular conductor is well known to be π/2 [20] . And, as more layers are added, this optimum ratio decreases. Fig. 4 shows the minimum R tubular / R solid that corresponds to the derived optimum t c /δ in Fig. 3 . According to Fig. 4 , the ac resistance improvement is 29% for N = 2, and 40% for N = 3. A closed-form formula for the minimum AC resistance ratio has been derived as
using the curve fitting of all the FEM simulations.
B. Optimum Current Distribution
So far, the currents flowing in each layer of MLT conductor were assumed to be equal; however, this may not be the optimum distribution. The reason lies behind the structure of the MLT conductor: the cross-section area of the layers is different, and each layer is exposed to the field of the layers inside it. Thus, the optimum current flow in each layer needs to be derived.
We performed optimization for two cases N = 2 (see Fig. 5 ) and N = 3 (see Fig. 6 ). Following (4) for N = 2, the equal current distribution leads to R tubular /R solid = 0.7. According to Fig. 5 , the optimized current sharing asks for the inner layer current to be 0.7 times the outer layer one. This leads to R tubular /R solid = 0.69, which is only a 2% improvement.
Similar optimization was performed for a three-layer conductor, see Fig. 6 . The optimized current sharing improves R tubular /R solid from 0.6 to 0.58. This requires the currents in the second and third (inner-most) layers to be 0.8 and 0.7 times, respectively, the first layer current. Depending on the desired improvement in R AC and the difficulty of optimum current sharing, one can decide between the equal and optimum distributions. Further in this paper, we assume equal current sharing in the MLT conductor.
IV. EQUAL CURRENT SHARING USING CAPACITIVE BALLAST
Connecting the MLT layers in parallel does not lead to equal or optimum current distribution between them. There are several methods to perform equal current distribution between parallel components of a conductor, such as twisting, interleaving, and ballasting impedance [10] . In the latter method, impedance is placed in series with each layer to control the current to a desirable value. The series impedances can be resistive, inductive, or capacitive. We explore capacitive ballast as it is less dissipative than the resistive one and can be integrated into the inductor for self-resonance, unlike the inductive ballast. These two reasons are essential for high-Q resonators in WPT systems.
A. Equal Current Distribution
A ballasting capacitor in series with each voltage fed layer can control the current in that layer by changing the layer reactance which is dominating the layer resistance. Consider the MLT conductor Z-matrix derived in Section II. The ballasting capacitor reactances X C k are placed in the diagonal components of the matrix. Since the MLT layers have equal voltage across their terminals (parallel connection) and equal currents are flowing through them, the real part in each row of the Z-matrix can be neglected as it is negligible compared to the total reactive part of that row
In (5), X L k is the inductive reactance of layer k, and X m k , j is the mutual inductive reactance between layers k and j. The linear equation (5) has N equations with N unknowns (X C k ), having infinite solutions. However, in practice, X C 1 (for the outer layer) is determined based on its dielectric dissipation, voltage break-down, and fabrication tolerance. Then, the X C of other layers is determined using a recurrence relation derived from (5)
Reference [10] used the idea of capacitive ballast and came up with the recurrence relation (6) for parallel foil conductors. Equation (6) gets simpler format for parallel foil conductors as the incremental magnetic energy storage between layers only depends on the distance between them. However, for parallel tubular conductors in this paper, this incremental energy storage depends on the ratio of the radii of the layers.
To simplify (6), consider the self-reactance of a circular tubular conductor loop with tube outer radius of r k and loop middle diameter of D is approximated by [21] 
Equation (7) approximates the reactance of a circular conductor loop with the current flowing on the surface of the conductor neglecting the internal energy storage, similar to tubular conductor. Therefore,
corresponds to the incremental energy storage between two tubular conductors with radii r k −1 > r k . We can simplify the summation of mutual reactance in between tubular conductors in (6) according to
By substituting (8) and (9) into (6), the recurrence relation for the ballasting capacitive reactance would be simplified to
Equation (10) sets a general understanding of the layer-tolayer ballasting capacitive reactance change to perform equal current sharing. In multilayer parallel foil conductors, this recurrence relation does not depend on the radii ratio of the adjacent layers; however, it depends on the distance between the layers as shown in [10] . That means for a fixed distance between layers, the change in capacitive reactance is also fixed. However, in the MLT conductor, this capacitive reactance change is not constant and depends on the radii ratio.
B. Equal Current Distribution and Operation Near Resonance
The ballasting capacitors placed in each layer of the MLT conductor can compensate for the inductive reactances and bring the coil to resonance. For the purpose of equal current sharing, the real part of the MLT Z-matrix can be neglected compared to its reactive part in the vicinity of the high-Q coil resonance. This is achieved by the ballasting capacitor of each layer compensating for the self-inductance of that layer plus the mutual inductances of that layer with all other layers. Therefore, starting from the outer layer
the other layers X C are determined by (10) to ensure operation near resonance and equal current sharing between layers. The exact behavior of the coil at resonance depends on the complete Z-matrix including resistive components. In the next section, we implement the capacitive ballast determined by (10) and (11) in to a multilayer conductor and determine the conductor performance and its resonance frequency.
V. APPLICATION EXAMPLE
In this section, we design a two-layer (N = 2) tubular conductor to form a coil with properties given in Table I . The copper tube thickness is 12 μm; therefore, by using (3), the coil is designed to operate near resonance at 27.93 MHz. Although this frequency is not in the range of data used for determining (3) and (4), the accuracy of these equations is assured for this specific design using finite element analysis (FEA). The maximum reduction in R AC using (4) is calculated to be 29% compared with the equivalent solid conductor. However, other factors such as coil loop curvature, insulation thickness, and dielectric dissipation need to be considered to get the true reduction in R AC .
A. Sensitivity of R AC to Ballasting Capacitance Variations
Assuming the ballasting capacitance is nondissipative, the MLT conductor with properties given in Table I is simulated using FEA with equal current flowing in each layer. The conductor resistance is determined to be 30.1 mΩ which shows 27.5% reduction compared to its equivalent solid conductor (41.5 mΩ), and 37.6% reduction compared to the case where there is no ballasting capacitor, normal parallel connection of tubular conductors (48.2 mΩ). These three types of conductors have quality factors (Q) of 1251, 907, and 781, respectively, neglecting dielectric dissipations.
Using capacitive ballast, equal current sharing can be achieved with the coil operating below/near/above the desired (resonance) frequency. However, the operating point is prone to the sensitivity of coil R AC to ballasting capacitance errors. For operation below resonance, the required ballasting capacitance needed in series with each layer would be significantly large. Such large capacitance would be sensitive to its fabrication errors. This effect is illustrated in Fig. 7 which shows that the (normalized) sensitivity of conductor R AC increases for small values of outer layer ballasting capacitive reactance X C 1 .
For operation near resonance at 27.93 MHz, the required capacitive reactances in each layer determined using (10) and (11) are X C 1 = 75.32 Ω and X C 2 = 75.57 Ω, which are in the least sensitive region of Fig. 7 . The difference between adjacent layer capacitive reactances relates to the amount of magnetic energy stored between those layers. However, this could be quite small for tubular conductors with layers very close to each other; and, implementing such exact capacitive reactances would barely be practical. Therefore, it is essential to determine the effect of layer-to-layer capacitive reactance variations on the coil R AC . To do so, we swept X C 1 over a wide range and let the capacitive reactances in each layer deviate 20% from their values determined by (10) ; then, we calculated the associated coil resistance change. Fig. 8 shows the coil R AC variation for the upper and lower 20% deviations of capacitive reactance versus X C 1 . It is observed that the smaller the ballasting capacitive reactance X C 1 is, the higher the error is in coil resistance for a fixed change in X C 1 . Therefore, it is beneficial to have X C 1 large enough for the coil R AC to be less sensitive, and small enough for the coil to operate in the inductive or near-resonance region. The latter reason is essential for coils resonated using integrated ballasting and/or external capacitors.
B. Effect of Dielectric Dissipations
Large values of capacitive reactance reduce R AC sensitivity, but it comes with high values of dielectric dissipation. The reason is the existence of nonideal capacitance which is modeled by an ideal capacitance in series with its equivalent series resistance (ESR). The relationship between capacitance ESR and its reactive energy storage is represented by dissipation factor (DF) which is inverse of capacitor Q-factor.
The impedance matrix of the conductor needs to include the capacitor ESR in series with each layer. Since the capacitors' ESRs are much smaller than their reactive components, for the purpose of equal current sharing and operation near self-resonance the expressions derived in (10) and (11) are still valid. If the coil is not self-resonant, an external capacitor needs to be connected in series with the conductor terminals to bring the coil to resonance. Fig. 9 shows the coil equivalent circuit compromising three dissipation components. The coil resistance R coil is the MLT conductor resistance with equal current sharing using ideal ballasting capacitors. The ballasting capacitor resistance ESR b is the increase in coil ac resistance using nonideal ballasting capacitors. The external capacitor (having ESR e ) is connected to bring the coil to resonance.
Depending on the dissipation factors of the ballasting DF b and external DF e capacitors, the total conductor resistance R total (the three dissipations) varies versus the amount of ballasting capacitive reactance. Based on (11), the first layer capacitive reactance for operation near self-resonance is X C 1 = 75.32 Ω, and the other layer reactances are determined according to (10) . Fig. 10 shows the R coil , ESR b , ESR e and the R total versus the first layer X C 1 . R coil was calculated to be 30.1 mΩ at 27.93 MHz. In multi-MHz frequency range, the high-Q and low ESR ceramic capacitors have dissipation factors in the range of 10 −3 up to 5 × 10 −4 . In the simulation of Fig. 10 , we assume that the ballasting and external capacitors have the same type of dielectric material; and, since their exact values are not known, and to include the capacitor connection dissipation, we simulate for the maximum dissipation factor DF b = DF e = 10 −3 . A noticeable trend in Fig. 10 is that the ballasting and external capacitors have equal effects on the total resistance. In other words, DF would not be the criteria to decide the amount of X C 1 as R total remains quite fixed. However, if DF b is higher than DF e , R total increases by increasing X C 1 . It can also be observed in Fig. 10 that the capacitance dissipation adds 37.6 mΩ to R coil to about 67.7 mΩ. This extra dissipation exists for solid (79.1 mΩ), and MLT with no ballast (85.7 mΩ), if the coils are to be resonant with the same capacitors. The effect of capacitor dissipation on the resistance of the three conductor types mentioned above is presented in Table II later in this  section. For inductive coils that resonance is not required, the reduction in MLT conductor resistance depends on the DF b and the amount of X C 1 . Fig. 11 shows R total of the MLT conductor for different values of X C 1 and DF b when there is no external capacitor. It can be observed that the larger the DF b , the smaller the X C 1 needs to be in order for the MLT resistance to be lower than those of the solid and no-ballast conductors. It was also concluded earlier that the larger X C 1 , the smaller the sensitivity of coil resistance would be on capacitor errors. Therefore, for the case of no-resonance, a compromise needs to be made between resistance reduction and its sensitivity. However, for the case of resonant coil, we suggest to have the large possible X C 1 (see inductive region of Fig. 7) as the only design consideration in resistance sensitivity if DF b = DF e .
C. Coil Fabrication and Experimental Results
For the fabrication of the MLT conductor with properties of Table I , we used the DuPont Pyralux AP7164E flexible doubledsided copper-clad sheet as the fundamental material. This sheet is an all-polyimide film (25.4 μm thickness) bonded to electrodeposited copper (12 μm thickness) on both sides, see Fig. 12 . Then, using the rolling technique, the double-sided foil was bent around a base frame to form the two-layer tubular conductor, see Fig. 12 . Similar to the analysis we did in [12] , we assured that the open-sided tubular conductor that is formed by rolling the foil has similar performance compared to an ideal closed-sided tube.
High-Q and low ESR ceramic NPO chip capacitors are used as the ballasting and external compensators. The ballasting capacitors in both layers are selected to be equal and 120 pF. This leads to X c1 = 47.5 Ω at 27.93 MHz which is in a lowsensitive region of Figs. 7 and 8. The coil is brought to resonance at 27.93 MHz using an external capacitor. To mount the capacitors on both sides of the tubular layers, a discontinuity in copper needs to be implemented in each layer. We etched the copper using Ferric Chloride solution to implement such a pattern for surface mount capacitors. To avoid the two sides of copper foil contacting each other in the cutting, rolling, and bending processes, an extra insulation margin is considered by etching the copper in the perimeter of the foil, see Fig. 12 . Due to the ultrathin conductor wall thickness and the small coil diameter, bending the conductor would cause wrinkles across the tube. Special techniques such as additive manufacturing or heat-bending process can help overcome this problem. However, we used a simple technique by taking the frame out and filling the rolled tubular conductor with fine sugar. This helps bending the tubular conductor although some small wrinkles are still unavoidable, see Fig. 13 . The sugar was then taken out of the conductor to avoid unwanted dielectric dissipation. Fig. 11 . Effect of ballasting capacitor reactance and its dielectric dissipation and on multilayer conductor resistance. For Q-factor measurement, the transmission coefficient S 21 method discussed in [22] is implemented using a vector network analyzer. S 21 is measured through two nonresonant search loops that are equally coupled to the coil under test which forms a resonance RLC loop at the desired frequency of 27.93 MHz. The two search loops are identical and decoupled (magnetically) by overlapping or having large distance between them, see Fig. 13 . As is described in [22] , by finding |S 21 | at resonance frequency f 0 , and the half-power (−3 dB) bandwidth Δf , the Q-factor of the RLC loop at f 0 is determined according to
The two-port S 21 measurement setup using an AP Instruments model 300 frequency response analyzer is shown in Fig. 13 . The AP300 is a two-port measurement system, with an internal source, capable of measuring scattering parameters. For the purpose of comparison, we fabricated the same twolayer conductor as in Table I but without ballasting capacitors. Fig. 14 shows the measured S 21−db for the two types of conductors versus frequency. It can be observed that the two-layer conductor with and without ballast are resonant at 27.94 MHz and 27.92 MHz, respectively. The measured Q-factors for the two-layer conductor with and without ballast are 627, and 514, respectively. This shows 22% increase in Q-factor by using the ballasting capacitor. Since the implemented measurement method gives the Q-factor of a resonator, we calculated the inductance of both coils to be 0.214 μH, using FEA, to determine their R AC values. R AC of the two-layer conductor with ballast is found to be 59.9 mΩ, which shows 18.1% reduction compared to the same conductor but without ballast, 73.1 mΩ.
To compare the reduction in R AC to solid conductor, we fabricated a similar coil using 8AWG (3.27 mm diameter) solid round conductor and tested its properties using an Agilent 4294A precision frequency analyzer. The measurement was performed by having the coil resonant at 27.93 MHz. The results show 12.8% reduction in R AC using capacitive ballast compared to solid conductor (68.7 mΩ). Table II shows the summary of the simulated and measured Q-factors and R AC for the two-layer tubular conductor with and without ballasting capacitors as well as the solid conductor. The measured results are in a good agreement with the simulations at DF b = DF e = 10 −3 . However, this includes the nonideal connection of capacitors, tube wrinkles, and possible measurement errors including transmission line mismatches and parasitic loadings. Better results would be expected with improved fabrication techniques such as material deposition or additive manufacturing. The proposed sheet rolling fabrication method can also be implemented for conductors with N > 2 where additive manufacturing and tube-over-lapped ballasting capacitance (instead of surface-mount) can reduce fabrication errors and devise its process.
VI. CONCLUSION
In this paper, concentric MLT conductor was studied as a potential conductor for WPT link resonator at multi-MHz frequency WPT systems. The conductor layers thickness and the amount of current flowing in each layer were optimized to reduce the eddy current dissipation. Closed-form formulas for optimum tube thickness and maximum reduction in R AC were determined accordingly. The capacitive ballast method was used to force the desired amount of current in each layer. Another benefit of ballasting capacitors was the integration in the inductive coil for resonant operation.
The effects of insulation thickness between tubular layers, coil curvature, and ballasting capacitor dissipation on the R AC were investigated. It was concluded that the lower the ballasting capacitance, the lower the R AC sensitivity to fabrication errors, and the higher the dielectric dissipation. A two-layer tubular circular coil was designed, fabricated, and characterized showing 18.1% and 12.8% reduction in R AC compared to the identical conductor without capacitive ballast and the same size solid conductor, respectively. Higher reductions can be achieved by increasing the number of layers.
